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The honey bee is one of the most important crop pollinating insects in the world. Researchers have recently identified a disease that has begun to impact the honey bee population. Colony Collapse Disorder results in the death of many bee colonies every year,
but the cause for this remains unknown. Investigating the cause, harmonic radars are being
considered to track the foraging patterns of honey bees. This research endeavors to find
an optimized waveform for use in tracking foraging bees. Harmonic oscillators were developed for a transmit frequency of 1.2 GHz and various waveforms were tested against
the oscillators. Ultimately, the waveform was found to be arbitrary. The amount of power
that the harmonic oscillator receives is the determining factor. Given this, a general pulsed
waveform can be developed that attempts to provide the maximum possible return for a
predetermined maximum range of interest.
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CHAPTER I
INTRODUCTION

Insects have been pollinating plants for millions of years and one of the largest groups
of pollinators is bees. Many plants rely so heavily on insect pollination that they are not
able to pollinate effectively by any other means [7]. Consequently, the yield from plants
would decrease dramatically if these pollinators were to disappear. This seems to be exactly what has been occurring with bee populations, especially honey bees, over the past
60-70 years. The number of these insects that are so integral to the production of many
plants have been rapidly declining. In 2008, the number of honey bee hives as reported
by honey farmers was approximately 2 million, down almost 2.5 million from 1939 [6].
These hives are considered managed honey bees since farmers cultivate and raise the hives.
Unfortunately, the cause of such staggering losses has eluded researchers since the decline
was first realized. Like all animal species, bees struggle with their fair share of disease and
predators such as fungi, viruses, bacteria, different invasive bee species, and various mite
species [6, 7]. One environmental challenge to their existence is the amount and type of
chemicals sprayed on crops and other plants [7]. Another environmental challenge comes
from humans who view bees as pests or infestations to be exterminated. More recently, a
strange phenomenon has been occurring within the bee population as bees began inexpli-
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cably deserting their own hives in droves, which is known as Colony Collapse Disorder
(CCD). CCD is characterized by the complete absence of adult bees in the colonies with
no dead bees in or around the colony, the presence of a capped brood, and the presence of
food stores that are intact and have not been tampered with by other invasive bees or pests
[6]. A capped brood indicates bee larvae that have failed to develop to the pupal stage and
have not chewed their way out of their cells through the protective cap. CCD can wipe
out a large percentage of colonies relatively quickly, making this disorder one of the most
deadly challenges that bees face. Despite investigative efforts, the cause of this disorder is
still unknown. One of the main obstacles in discovering the cause lies with the difficulties
in observing and tracking bees as they live and forage.
In order to gain insight into the cause of CCD, as well as to gather information regarding foraging patterns of bees, a new form of tracking called harmonic radar was developed
[5, 14, 15]. Harmonics are an artifact of nonlinear operation of an electronic device. When
the device is operated non-linearly, energy is emitted at integer multiples of the transmit
frequency, resulting in harmonic frequencies. If there is no transmitter that is operating
at the harmonic frequency, the returns from the target would be the only returns seen at
this harmonic frequency by the radar. In this application, harmonic frequencies are useful
to track bees as they forage throughout the day. Before the harmonic radar was considered for use in tracking insects, researchers were required to utilize active transmission
devices, observation, or lower power and more invasive options for collecting data. Instead
of placing a heavy transmitter, complete with a battery, on the bee or catching it, recording the data, and releasing it, the harmonic radar approach offers a way to track the bee
2

while allowing it to move freely in its environment. In this approach, a lightweight tag is
attached to the bee as it exits the hive and the bee is released to continue with its foraging.
The radar accurately tracks the tagged bee as it travels, providing that the radar does not
have a structure (tree or other large plant) obstructing its view of the tagged bee. As the
bee returns to the hive, researchers capture it again, remove the tag, and allow it return to
the hive. Much research has been completed regarding how to create these tags and how
effectively the tags work with a variety of insects and small animals. However, one issue
that has not been explored is how different transmitted waveforms from the radar would
affect the returns of the tag. Perhaps a more sophisticated waveform would allow for less
power when transmitting while not degrading the tracking capability of the tag. Another
possibility is that a standard continuous sine wave would be an adequate waveform for
field research using these tags.
For this project, I constructed harmonic oscillators which, due to available materials,
were built for use at 1.2 GHz instead of the transmit frequencies utilized in other sources
cited in this thesis. I identified two diode parameters that significantly impact the function
of the harmonic oscillator. Another unique aspect of this research is the use of Software
Defined Radios as transmitters. The experiment was conducted inside of the anechoic
chamber at Mississippi State University. My research showed that, instead of transmitted
waveforms, the factor that has the greatest impact on the tracking capability of the harmonic oscillators is the amount of energy on target. To optimize the tracking capability,
the maximum desired detection distance must be known. My research indicates that, with
the distance known, a configuration in which a pulsed waveform created with a pulse width
3

that consumes most of the pulse repetition interval allows for detection at the maximum
desired distance. This configuration allows for the largest amount of energy on target while
still being able to track the distance to the target.
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CHAPTER II
BACKGROUND

North America boasts many different species of bees both in the wild and in managed
roles [7]. Modern-day agriculture manages bee colonies in order to pollinate crops in the
most effective manner. Crops properly pollinated by bees yield more crops and the crops
are generally larger than with poorly pollinated crops [7]. Many crops are able to pollinate
themselves (using wind, birds, etc.) but bees play a pivotal role in the pollination of most
crops. Slowly, bees are becoming more welcome in commercial farms and residential
gardens in the world as their usefulness becomes more apparent [7].
Unfortunately, bees have illnesses and parasites that decimate entire colonies and potentially many different generations of bees. From tracheal and varroa mites to viruses,
bacteria, fungi, and other insects that use their nests, bees have no shortage of natural enemies. One of the more recent issues to crop up, especially for western honey bees, is CCD.
Ellis et al. describe symptoms of CCD and how, in the winter of 2007-8, the United States
(U.S.) lost approximately 60% of the honey-producing bee colonies [6]. Interestingly, the
exact cause of CCD is unknown. Current theories for CCD include different kind of pesticides, mites or other insects. However, there is no concrete evidence to support currently
speculated causes. If all pollinators, including bees, were to disappear and the agricul-
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tural market was left with no method to pollinate crops as effectively, the economic impact
would be felt worldwide. Gallai et al. examine the economic implications of losing all
pollinators around the world in [8]. They indicate that crops used worldwide for human
food were valued at e1.618 trillion in 2005. Accounting for inflation and converting to
USD, this amounts to $2.611 trillion in 2019. They also state that the value of the insect
pollination is approximately e153 billion or $246 billion today. In the U.S., honey bee
contributions, primarily through pollination of crops, are valued at around $14 billion in
2000 [6]. This is equivalent to a worth of $21 billion in 2019 assuming the annual worth
has not changed. In addition to the devastating world-wide economic crisis that would
ensue if all pollinators were to vanish, the general health of humanity would also suffer
greatly. Noting that 39% of the world production value is attributed to the help of these
pollinators, Gallai et al. refer to the World Health Organization’s (WHO) guidelines on the
amount of fruit and vegetables an average family should consume per day [8]. They add
that this daily standard already is not being met by many of ten European countries that
were studied, and most likely the rest of the world. With the disappearance of pollinators,
this would likely worsen to the point where vitamin deficiencies would run rampant and
the health of the general public would suffer. They contend that some countries, who rely
on their agricultural exports, would have such a decrease in crop yield that the country
would no longer be able to export crops for they would not be able to meet their internal
consumption rates [8].
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2.1

Harmonic Radar and Tracking Small Animals/Insects
Radar is a method of using Radio Frequency (RF) energy projected from an antenna

to search for and track objects of interest. The ability of a radar system to track an object
is based on several variables. The equation to determine the signal-to-noise ratio (SNR)
is presented in Equation (2.1). The SNR dictates the ability of a target to be detected in a
radar system. If the SNR is too low, the target will be hidden in the noise floor set by the
hardware of the receive system. Maximization of this ratio allows for the best chance of
detecting and tracking objects of interest.

SN R =

PT GT GR λT λR σ
(4π)3 R4 kTo BF Lsys

(2.1)

In this equation P T is the transmitted power in Watts, GT and GR are the gains of the
transmit and receive antennas in Watts, λT and λR are the wavelengths of the transmitted
and received signals in meters, σ is the radar cross-section (RCS) of the target in square
meters, R is the range to the target in meters, Lsys is the system losses due to imperfections
in the hardware and other losses, k and T o are constants, F is the noise figure set by
the hardware, and B is the bandwidth of the signal in Hertz. Table 2.1 shows the Blake
sheet analysis for a transmitted frequency of 1.2 GHz. σH is the Harmonic Target RCS
which represents the RCS of the target and encompasses the harmonic conversion loss of
the oscillator when changing from 1.2 GHz to 2.4 GHz. As expected, this value is much
smaller than would be the case if the harmonic conversion had not been included in the
measurement.
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Table 2.1: Radar Blake Sheet Analysis.
Pt
Gt
Gr
σH
F
ft
fr
B
Lt
Lr
Lsp
Lcab
Lfil
Lamp
La
Range
T0
k
c
(4π)3
Lsys
Latm
λt
λr
SNR

Natural Units
kW
0.0000001
dB
dB
dBsm
MHz
1200.00
MHz
2400.00
MHz
10.00
Constant Loss Terms
Transmit
dB
0.79
Receiver
dB
Signal Processing
dB
Cable
dB
Analog Filter
dB
Amplifier Gains
dB
Atmospheric One-Way Loss
Atmospheric (one-way)
dB/km
0.96
Range to Target
Range to target
km
0.0007366
Constants
System Temperature
K
290.00
Boltzman’s Constant
watt-sec/K
1.3800E-23
Speed of Light
m/s
3.000000E+08
Constant
1984.40
Calculations
System Losses
dB
40.54
Atmospheric Loss
dB
1.00E+00
Transmit Wavelength
m
2.500000E-01
Receive Wavelength
m
1.250000E-01
Signal-to-Noise-Ratio
dB
1.33E-08
Transmitted Peak Power
Antenna TX Gain
Antenna RX Gain
Harmonic Target RCS
Receiver noise figure
Transmit Frequency
Receive Frequency
Bandwidth
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dB
-40.00
7.00
7.00
-159.00
1.10

70.00
1.00
2.00
4.00
8.91
2.65
-34.64
0.16
-1.33
24.62
-228.60
84.77
32.98
-16.08
0.00
-6.02
-9.03
-78.77

The main issue in tracking small animals and insects with a radar system arises with σ.
The RCS is the fictional amount of area of the target that is able to return energy toward the
radar system. Therefore, the RCS for a plane or ship is much greater than that of a small
animal or insect. Table 2.2 compares approximate RCS values for different sized targets.

Table 2.2: Approximate RCS Values of Various Targets [12].
Target
Large airliner or automobile
Medium airliner or bomber aircraft
Large fighter aircraft
Small fighter aircraft
Human
Large bird (e.g., American Bald Eagle)
Large insect (e.g., Goliath Beetle)
Small bird (e.g., Hummingbird)
Small insect (e.g., Honey Bee)

RCS (m2 )
100
40
6
2
1
0.05
0.001
0.00001
0.000001

RCS (dBsm)
20.00
16.02
7.78
3.01
0.00
-13.01
-30.00
-50.00
-60.00

A small RCS for an object requires the system designer to put out large amounts of power
(PT ), have higher gain antennas, have a large wavelength, or some combination of these to
compensate for the small RCS of the target. Utilizing high power transmission may result
in the deaths of the targets (in this case, bees) if they get too close to the transmitter as
the energy would literally cook the bees. Putting out large amounts of power may not be
enough to overcome the fact that bees are so small relative to the environments in which
they live, that receiving clutter is a major barrier to detecting the bee. Everything in the
environment sends returns back to a radar. Clutter is the unwanted returns that a radar
receives from anything in the environment that is not of importance to the application. As
9

most insects prefer to make their home in heavily wooded areas, one could see how this
would produce a large clutter return. There are processing methods in radar to remove
clutter and take advantage of a target’s movement to discern the target from the clutter.
However, the small RCS of individual insects renders these methods fruitless in this situation. One approach to resolving this issue is to use the harmonic radar principle. The
harmonic radar is the same as a fundamental radar in terms of transmission in that it transmits at a set frequency (or a small band of frequencies) to the environment. However, it
listens at a harmonic frequency for the returns. In essence, this eliminates the clutter return
from the environment as long as there is no other transmitter transmitting at the harmonic
frequency. This methodology has been used in a few studies to track both small animals
and insects in the wild [2, 3, 13, 14, 15, 16].
Researchers have struggled with effectively gathering foraging data. Embry considers the enormous task of collecting data for the approximately 4,000 bee species native to
North America [7]. She explains the Great Sunflower Project, which is essentially crowdsourcing for collecting information on the general bee population in the U.S. To qualify
as a participant in this project, a person signs up for free, watches one flower in their yard
and counts how many pollinators visit that flower for however long they choose to observe.
The participant subsequently logs their information on the project’s website by reporting
the number of visitors they counted as well as the amount of time they spent observing
the targeted flower, which was the ’Lemon Queen’ sunflower. Using these anecdotal reports, the project director sought to gather information regarding how many pollinators
were visiting specific plants in different areas of the U.S. [7]. This lackadaisical manner of
10

obtaining information on the U.S. bee population gathered by the general public who are
untrained in the scientific method is woefully inadequate for gaining understanding of the
etiology of CCD. Researchers need to collect data by tracking bees’ activities with reliability, specificity and precision. However, given that bees often forage in droves and are
relatively small and very quick, researchers’ attempts have yielded preliminary data but not
enough to draw definitive conclusions. More comprehensive data gathered through enumerable hours and extensive man-power may be necessary before researchers can develop
a better understanding of CCD’s causes and possible ways to alleviate its impact on bee
populations. Fortunately, technological advances in tracking have created more ways that
are less invasive in collecting viable data on bees’ activities. In CCD studies, researchers
seem to concentrate their efforts on bees’ foraging patterns, which can be complex and
change from day-to-day. These factors coupled with the small stature of most bees suggest
that general observation and other similar observational methods would yield few results
despite great efforts. Rather than relying on human senses to collect data, the method used
to track bees in their environment needs to be consistent, continuous, inexhaustible, and
unobtrusive. One such method involves active electronic tags that send out signals over
time, which are tracked and logged by a receiver. Another method includes using a camera with different configurations and augmentations, such as long wires with a track-able
ball attached to the insect. Additionally, researchers have explored a method for tracking
insects employing the harmonic radar principle, which seems to be an effective tracking
method as it can follow foraging patterns of even the smallest insects.
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In the 1980s, researchers began investigating the use of radar systems to track insects
that were flying at high altitudes. In 1996, Riley et al. discussed preliminary results garnered from a harmonic radar transmitting at 9.375 GHz and a bee outfitted with an “electronic tags” to track at low-flying altitudes among the trees and foliage [15]. The results
were quite promising as the bee was followed from its nest to the forage location and
back. However, when the bee passed behind trees or flew out of range of the radar, the
track was lost. These initial tests laid the foundation for many others to follow. Aumann,
et al., described creating a hand-held harmonic radar to locate tagged amphibians in the
field. Due to the remote nature of their work, they utilized wireless and satellite television
transmission/reception bands to create the harmonic radar. This approach was innovative
as they assembled off-the-shelf parts to accomplish their goal [2]. The electronic tag they
created was designed similar to [15] in that it utilized a Schottky diode as well as an inductor for electrostatic discharge protection and for avoidance of unintentional biasing of the
diode, which would degrade the harmonic return. The thick underbrush and various areas
that the frogs traveled damaged the tag at times causing it to transmit improperly, rendering the frog “invisible.” To combat the environmental hazards that their tag encountered
while strapped to the amphibians, the researchers wrapped their tag in a dielectric material,
which improved the tag’s durability in the harsher environment. One year later, Aumann
and Emanetoglu studied the use of this harmonic oscillator in tracking small wood frogs
[3]. In this study, the team took a deeper look at the transmission waveform in order to
have sharper range resolution, which is how close together two targets can be positioned in
range and still be seen as two targets by the radar. Tsai et al. utilized a pseudo-random code
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to generate a pulsed waveform [16]. The approach was expected to increase the accuracy
and sensitivity of the harmonic radar while also reducing the required output power of the
system. In general, all of these studies created the transponders in much the same way, using a low-barrier Schottky diode with an inductor for electrostatic discharge protection on
a dipole antenna. Although some of the studies investigated the use of separate waveforms
apart from a continuous wave for transmission, they did so for increasing accuracy or range
resolution. This leads one to contemplate that there may be more effective waveforms for
the tag design and there are other types of waveforms that may produce better returns
from the transponders. One consideration is that a continuous linear frequency modulated
(LFM) chirp would produce a better return, or a pulsed waveform would be sufficient for
the tracking application. Ultimately, the amount of energy on target determines the size
of the return. Therefore, a waveform that is able to direct more energy on the target will
produce a better return from the harmonic oscillator. Perhaps a LFM chirp would interact
more effectively with the non-linearity of the harmonic oscillator and be able to produce
better returns while not necessarily putting the most power on target.

2.2

Methods of Tracking Small Insects
In the world of insect tracking, there is no shortage of methods to track the insects.

The methods range from optical (both utilizing a camera and the naked eye) to using Radio
Frequency Identification (RFID) tags and everything in between [4, 7]. Each of these
different methods are effective within specific parameters. The larger methods may be
useful for larger insects, the incredibly small and low-power methods would work well
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for insects that do not move quickly, and the active methods of tracking, which require
power, would work well with larger insects as they would be strong enough to carry the
battery without impeding their motion. Barcodes have also been used in insect tracking!
Each method of tracking also has its own shortcomings and issues. Active trackers have
batteries that expire, RFID tags suffer from a very short range, cameras and the naked eye
can only work in specific instances, and barcodes are susceptible to issues with dirt and
size limitations. Chesmore delineates the trade-off of many of these different methods of
tracking [4]. This thesis focuses on the harmonic radar form of tracking small insects in
which a harmonic oscillator is placed on the insect.
In creating harmonic oscillators, there are a several factors to consider to maximize the
considerations that are important. First is determining the most beneficial antenna type.
Tracked insects’ orientation in flight can change randomly and abruptly relative to the
radar’s orientation. This indicates that any type of directional antenna would be largely
useless. Instead, an antenna that is omnidirectional would be most useful, however, producing a purely omnidirectional antenna is not possible at this time. Fortunately, some
antennas, such as the dipole antenna, approximate the function of an omnidirectional antenna well enough to serve this purpose. The dipole antenna pattern is shown in Figure 2.1.
As illustrated, the dipole antenna provides expansive coverage for most angles. In fact,
the only impediment that could occur is if the insect managed to position the antenna perpendicular to the radar. Even in this situation, the insect would likely shift direction quickly
and the radar would resume tracking its target. For these reasons, the dipole antenna is the
indisputable choice when creating a harmonic oscillator. Careful consideration must be
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Figure 2.1: Dipole antenna radiation pattern where (a) is horizontal and (b) is vertical.

given to the dipole’s length When creating one for use in the harmonic oscillator as the
length greatly affects its responsiveness. In general, the dipole is tuned to the frequency of
operation, however, in a harmonic oscillator, the goal is to produce harmonics of the transmitted frequency. To address this, one suggestion is to make dipoles in which the two leads
are of different lengths, with the incoming lead tuned to the transmitted frequency while
the outgoing lead is tuned to the harmonic frequency [4]. However, Colpitts and Boiteau
extensively researched the effect of the dipole length on the harmonic cross section of the
harmonic oscillator, which is similar to the radar cross section but for a harmonic radar
[5]. They performed laboratory experiments measuring the response of different length
dipoles used in harmonic oscillators at 9.41 GHz and found that the optimum length is 12
mm. They explained how the cross section of the tag changes when placed on an insect
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and presented additional data indicating that the optimum length changed when an insect
was included in the measurements. Clearly, not only does the dipole affect the returns of
the harmonic oscillator, but the presence of the insect also changes the properties of the
harmonic oscillator.
Given the high frequency nature of the signals that are used in the insect tracking applications, Schottky diodes are ideal for their fast switching capabilities due to their low
junction capacitance. Therefore, when designing a harmonic oscillator, the decision to be
made is which of the Schottky diodes to use as the harmonic generator. In this application,
the best-fit Schottky diode will have a low forward voltage drop to allow for the maximum
amount of energy to pass through the diode and radiate at the harmonic frequency. As
diodes operate at nonlinear regions, the output will be severely attenuated, requiring the
transmitter to put out a large amount of energy to produce any meaningful returns from the
harmonic oscillator.
The final consideration when designing a harmonic oscillator is the DC path that is
around the diode. The path is implemented as the diode may, over time, build up an electrostatic charge that could cause the diode to become non-conducting [14]. This DC path
is in the form of a very low inductance (typically between 3-5 nH) inductor placed across
the diode terminals. This path allows the electrostatic charge build-up to be dissipated
through it which keeps the diode in its normal operating state. As the inductance is well
established, the actual design choice is the size of the loop of the DC path. Riley and Smith
suggest a loop size of 2 mm in [14] while Colpitts and Bioteau in [5] suggested a 1 mm
loop. However, the impact of loop size on the overall efficiency of the harmonic oscillator
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has not been investigated thoroughly. Theoretically, the loop should, in some form, be
related to the wavelength of the transmitted signal, but again this hypothesis has not been
sufficiently research as of yet. Figure 2.2 displays the schematic for a harmonic oscillator.
In the figure, GT1 and GT2 are the gains of the two sides of the dipole that are assumed to be
tuned to the transmitted and harmonic frequencies respectively. Also, ηD is the harmonic
efficiency of the Schottky diode used in the construction of the harmonic oscillator. L1 is
the inductance value of the loop back used for electrostatic discharge protection and for
unwanted bias prevention of the Schottky diode.

Figure 2.2: Harmonic Oscillator Schematic.

Once the harmonic oscillator is constructed, the place to affix it to the insect needs to
be determined. While [5] suggests that placement of the harmonic oscillator on an insect
requires a change in dipole length, they do not explore how placing the harmonic oscillator
in different places on the insect may affect the returns. Ideally, the harmonic oscillator
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would be placed in such a way that the insect’s body and appendages, such as antenna,
wings, etc., would be minimally restricted while also ensuring that the antenna’s radiation
pattern is likewise minimally impeded. Due to the vast number of different species of
insects, in-depth studies have been not conducted regarding the ideal placement of the harmonic oscillator on a tracked insect. This study will add to the knowledge of the tracking
capability of harmonic oscillators on a case-by-case basis for individual species of insects.

2.3

Further Considerations in Harmonic Oscillator Use
The previous section outlined the use of a dipole antenna in the design of a harmonic

oscillator. An omnidirectional antenna is considered ideal for tracking insects, however, a
dipole is a suitable and attainable substitution. One limitation of using the dipole in this
application is, when the dipole is oriented orthogonal to the radar, the signal will disappear
as there will be no energy radiated to the radar. To mitigate this, Milanesio et al. proposed
orienting two harmonic oscillators orthogonal to one another [13]. This orientation allows
either of the dipoles to receive the radiated energy at any given time.
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CHAPTER III
WAVEFORM SELECTION TO MAXIMIZE DETECTING AND TRACKING
INSECTS USING HARMONIC OSCILLATORS

3.1

Introduction
Bees have played an integral role in propagating the Earth’s plant life for millions of

years. Indeed, their contributions in this process have lead to establishing an industry that
supply these flying pollinators, particularly honey bees, to farmers around the world. These
hives are considered managed honey bees since farmers cultivate and raise the hives [7].
Bee pollination was valued somewhere near e153 billion or $214 billion in 2009. In the
US alone, honey bees were valued at around $14 billion every year [6]. These monetary
figures are somewhat misleading, however, regarding the future of this industry. In 2008,
the number of honey bee hives as reported by honey farmers was approximately 2 million,
down almost 2.5 million from 1939 [6]. Like all animal species, bees struggle with survival
due to disease and predators. However, an unusual circumstance has been recorded within
the bee population, in which large numbers of bees inexplicably deserted their own hives.
This has been termed as Colony Collapse Disorder (CCD) and is characterized by the
complete absence of adult bees in the colonies with no dead bees in or around the colony,
the presence of a capped brood, and the presence of food stores that are intact and have not
been tampered with by other invasive bees or pests [6]. As of yet, researchers have been
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unable to determine the etiology of CCD in managed honey bee hives. One of the main
obstacles in determining the cause lies with the difficulties researchers face in being able
to observe and track bees as they live and forage.
To assist researchers in discovering the cause of CCD, passive forms of bee tracking
have been developed. Utilizing a harmonic oscillator and a radar made to receive harmonic
frequencies, a bee can be detected despite its size relative to its environment. For this application, a cleanly-transmitting harmonic that receives the harmonic signal from constructed
harmonic oscillators was created using off-the-shelf components. This is a proof of concept
for future research that Mississippi State University (MSU) hopes to conduct in efforts to
track bees during foraging. Herein, a transmission frequency of 1.2 GHz is used, whereas
many of the cited texts utilized 9.4 GHz. An assumption of changing operating frequency is
that only the physical size of a component must scale while the electromagnetic properties
would remain unchanged. Although there are exceptions, this is true for electromagnetic
compatible components such as diodes and antennas. Therefore, results obtained at 1.2
GHz should be comparable to those produced at 9.4 GHz. This investigation is an attempt
to find an optimal waveform using harmonic oscillators to detect and track insects. The
construction of the harmonic oscillators as well as the setup for the testing at 1.2 GHz are
detailed in section 3.3 and the findings are discussed in section 3.4.

3.2

Background
In the 1980s, researchers began investigating the use of radar systems to track insects

that are flying at a high altitude. In 1996, Riley et al., discussed preliminary results of
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tracking bees outfitted with “electronic tags” at low flying altitudes among the trees and
foliage using a harmonic radar transmitting at 9.375 GHz [15]. The transmit and receive
antennas were set side by side and positioned such that the transmit antenna did not couple
to the receive antenna. The results were promising, the bee could be followed from its hive
to the forage location and back. However, if the bee passes behind trees or flew out of
range of the radar, the track could be lost. These initial tests laid the groundwork for many
others to follow. Aumann et al., developed a hand-held harmonic radar to locate tagged
amphibians in the field. Due to the remote nature of their work, they were able to use wireless and satellite television transmission/reception bands to create the harmonic radar [2].
The electronic tag they created also utilized a Schottky diode and tuning inductor similar
to [15]. One year later, Aumann and Emanetoglu studied using this harmonic oscillator
to track small wood frogs [3]. In this study, the team took a deeper look at the transmission waveform in order to have sharper range resolution, which is how close together two
targets can be positioned in range and still be seen as two targets by the radar. Tsai et al.
also explored tracking targets with a different waveform than the one used by Riley et al.
[15, 14, 16]. Tsai et al. utilized a pseudo-random code to generate a pulsed waveform [16].
The expectation for this approach is to increase the accuracy and sensitivity of the harmonic radar while also reducing the required output power of the system. In general, all of
these studies created the harmonic oscillators in much the same way, a low-barrier Schottky diode with an inductor used for electrostatic discharge protection on a dipole antenna.
Several of the studies investigated using different waveforms apart from a continuous wave
for transmission with the goal of increasing range accuracy or resolution. This suggests
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that there may be more effective waveforms for harmonic oscillator detection. Perhaps a
linear frequency modulate (LFM) chirp would produce a better return than something like
a pulsed-sinusoidal waveform.
In the world of animal tracking, there are active and passive methods to track the animals. Chesmore discussed various active and passive tracking methods, the equipment to
utilize these methods, and provided examples of effective use [4]. Active methods continuously transmit their own signal and require some type of power source. A benefit of
active methods is that, since they produce their own signal, they are not as limited by detection range as passive methods. The use of these methods is limited by the fact that the
animal must be large enough to carry the tag and power source. Passive methods require
an external signal to activate the response. Due to the lighter weight, passive methods are
utilized for tracking smaller animals and insects. A limitation of passive methods is that
the strength of the signal is subject to environmental conditions. The methods range from
optical (both utilizing a camera and the naked eye) to using Radio Frequency Identification
(RFID) tags. Barcodes are also used in insect tracking. Active trackers, such as a pig ear
thermometer, have batteries that expire, RFID tags are limited by a short operating range,
cameras and observation only work in specific instances, and barcodes are susceptible to
dirt and size limitations. Chesmore also discussed using a harmonic oscillator, particularly its effective use in tracking small animals and insects. The harmonic oscillator uses
a dipole antenna to transmit and receive signals. One limitation of using the dipole in this
application is when the dipole is oriented orthogonal to the radar, the signal will disappear
as there will be no energy radiated to the radar. To mitigate this, Milanesio et al. proposed
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orienting two harmonic oscillators orthogonal to one another[13]. This orientation allows
either of the dipoles to receive the radiated energy at any given time, therefore, insuring a
consistent signal.
In order to mitigate significant data loss due to environmental constraints such as trees,
foliage, or other structures that may impede the return signal from the harmonic oscillator,
MSU plans to implement an Unmanned Aerial System (UAS) to act as the receiver. In
previous tests, the data loss occurred due to the placement of the transmit and receive
antennas. Placing these antennas side-by-side increased the possibility of environmental
interference between the receive antenna and the harmonic oscillator. With the use of a
UAS, the receiver will be mobile and more likely to avoid environmental interference.
When the harmonic oscillator is activated and the tracked insect is blocked by an obstacle,
the UAS receiver will continue to receive data. Providing that the transmit radar is able to
radiate to the harmonic oscillator, the UAS receiver should be able to continue to track the
insect unless there is a dense tree canopy that blocks most of the return energy.

3.3

Methodology
The design for the harmonic oscillator focuses on the Schottky diode, the loop back

size and the dipole length. Conducted in MSU’s anechoic chamber, the testing utilized two
different antenna configurations, a signal generator and a software defined radio (SDR) for
signal transmission.
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3.3.1

Design of Harmonic Oscillator

The general harmonic oscillator design, shown in Figure 2.2, displays the equivalent
circuitry of the tag itself. However, in practice, the antennas generate a radiation pattern
resembling that of a dipole. The inductive loop back, which is a single loop of wire parallel
to the Schottky diode, protects the diode by preventing damage from static electricity while
in the field and from accidental bias from static electricity or residual charges. For this
application, there were two diode parameters that were crucial in choosing the specific
Schottky diode. The first is a low junction capacitance permitting the diode to dissipate
charges quickly, which makes for very fast switching. This is needed especially at higher
frequencies where the wave is switching polarities very quickly as the radiation is absorbed
by the harmonic oscillator. The second parameter, the forward voltage drop, represents
how small the re-radiated signal might become. In Equation (2.1), the range is raised to
the fourth power, which is a major contributing factor to the degradation of the returns
from the harmonic oscillator. In this application, the return of the signal at the transmitted
frequency is not as important as the return of that signal at the harmonic. As harmonic
radiation is based on the non-linearity of the diode, the return strength of the radiation will
be much less intense than that of the transmitted wave. Therefore, the smallest forward
voltage drop would be most beneficial as the least amount of return energy is wasted by
simply causing the diode to operate. Radiated energy drops proportionally to one over the
range squared. Since the harmonic energy is being transmitted for the first time from the
harmonic oscillator, the radar range equation would appear to be dropping off as range
squared instead of range to the fourth. This results from the receiver being R meters away,
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listening for energy rather than radiating energy, validating the importance of the harmonic
oscillator radiating the most energy. The Schottky diode with a low forward voltage drop
may help to achieve this function.
The loop back that protects the diode must also be carefully devised as the frequencies
become higher, given that the physical size of the loop will impact the operation of the tag.
The inductive value of this loop needs to be as small as possible while still offering ample
protection. In many cited texts, the value of the inductive loop is four nano-Henries, which
provides the necessary protection without substantially degrading the performance. The
importance of the dipole length of the harmonic oscillator lies in the relationship between
length and tuning. The dipole must be tuned to the transmit frequency to receive the transmitted signal and to produce the harmonics for it. The tuning of the dipole is very sensitive
and even a slight difference between the measured length and the goal length will cause a
loss in signal received. The length

λ
2

is optimal for each side of the dipole to produce the

best performance possible for this application. In this application, the dipole length was
0.125 meters for the operating frequency of 1.2 GHz, which is much lower than the 9.4
GHz frequency reported in cited references. The reduced frequency mitigated the impact
of the loop back size, allowing for less precise control of this variable.

3.3.2

Experiment

The plan outlining the experimental procedures was developed subsequent to assembling the harmonic oscillators. To analyze the effectiveness of various waveforms, three
harmonic oscillators, built using BAT62-02V, BAT63-02V, and BAT15-03W Schottky diodes
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from Infineon, were tested. These specific diodes were chosen due to the parameters, indicated in Table 3.1, which enable the investigation into the impact of both waveform and
diode parameters on the returns of the harmonic oscillator.

Table 3.1: Diode Parameters for Diodes Used in Harmonic Oscillators [9, 10, 11].
Diode
BAT62-02V
BAT63-02V
BAT15-03W

Reverse Voltage in V
40
3
4

Forward Current in mA
20
100
110

Forward Voltage in V
0.58
0.19
0.23

Junction Capacitance in pF
0.35
0.65
0.35

Figure 3.1 and Figure 3.2 display the two configurations of the antennas, facing each
other and side-by-side, in the MSU anechoic. These configurations represent the 2 setups
for the bistatic harmonic radar setup to gather data in this application. The maneuverability
of the receiver demonstrates the potential for this approach to be modified for use with a
UAS. Evident in the configurations is the capability for the orientation of the receive antenna to help gather a stronger return from the harmonic oscillators, which will be explored
in later sections.
Generation of the different waveforms was accomplished using two pieces of equipment. To transmit the continuous sine wave, an Agilent MXG Analog Signal Generator
was used to produce waveforms at frequencies of 1.1, 1.2, and 1.3 GHz. Figure 3.3 shows
an example setup of the signal generator for testing purposes.
The USRP x310 with two WBX-120 daughterboards generated the pulsed sine, pulsed
linear frequency modulated (LFM) chirp, and the continuous wave LFM chirp. This device is a SDR that transmits from 50-2200 MHz and has 120 MHz bandwidth. Figure 3.4
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Figure 3.1: Antennas in the MSU anechoic chamber facing one another.

Figure 3.2: Antennas in the MSU anechoic chamber set side by side.
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Figure 3.3: Example setup for the signal generator in the anechoic chamber.

Figure 3.4: Picture of the USRP x310 used in the anechoic chamber experiments.
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depicts the USRP x310 that was used in these experiments. As this SDR has no controls
unlike the Agilent device, it is programmed using the SDR interface GNURadio [1]. This
software sets the sample rate, center frequency, gain, and other parameters of the radio as
well as dictates the wave that will be produced by the radio at run time. The signals were
generated at baseband at a sampling rate of 1 MHz. The pulsed signals had a pulse width
τ of 1 ms and a Pulse Repetition Interval (PRI) of 10 ms. The MATLAB generated waveforms were converted to binary files and imported in GNURadio, which had a sampling
rate of 1 MHz. The center frequency of the SDR was stepped to 1.1, 1.2, and 1.3 GHz
for each waveform. Using various combinations grouping each center frequency, waveform, harmonic oscillator, and antenna configuration with one another resulted in a total of
72 unique configurations. The returns were recorded using a Keysight Fieldfox Network
Analyzer N9917A and will be investigated in another section.

3.4

Results
Prior to the start of data collection, a network analyzer was used to investigate the

environment. Figure 3.6 shows the spectrum of the testing environment within the anechoic
chamber before the harmonic oscillators were placed inside. The peak on the left represents
the transmitted waveform. Since the antennas were directed at one another, this return was
not diminished by being placed inside the chamber. After establishing that the system
used to transmit the waves did not transmit harmonics as well, the trials for each harmonic
oscillator began. Figure 3.5 shows the harmonic oscillator that was constructed. Wrapped
around the inner loop is fishing wire that was used to suspend the oscillator in the anechoic
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chamber. The full harmonic oscillator was 9.84 inches long (or 0.25 meters) where each
side was approximately 4.92 inches (0.125 meters). These lengths were gathered from
the half-wave dipole specification where each side of the dipole is half the length of the
wavelength.

Figure 3.5: Picture of the harmonic oscillator construction used in the experiments.

3.4.1

Antennas Facing

For the configuration shown in Figure 3.1, the harmonic oscillator was placed approximately 29 inches (or 0.7366 meters) from the transmission antenna to ensure that the
oscillator is in the far field of the antenna. The far field calculations showed that this distance is 16.81, 18.34, and 19.87 inches (or 0.427, 0.466, and 0.505 meters) for the 1.1,
1.2, and 1.3 GHz transmission frequencies respectively. The receive antenna was placed
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Figure 3.6: Spectrum analyzer output of the frequency ranges of interest with the antennas
facing one another.

approximately 9 inches (or 0.2286 meters) from the harmonic oscillator to reduce the distance that the harmonic signal had to travel. In the receive chain for the network analyzer, a
bandpass filter was utilized with a center frequency of 2.4 GHz. The rolloff allowed for the
other harmonic frequencies (2.2 and 2.6 GHz) to pass through well. Occasionally, these
edge cases outperformed the desired frequency. Figure 3.7 through Figure 3.15 show the
recorded returns from the harmonic oscillator. Shown in the images are the resulting harmonic frequencies for each transmit frequency of 1.1, 1.2, and 1.3 GHz for each Schottky
diode that was used to construct the harmonic oscillators.
After analyzing the results, the harmonic oscillator with the BAT63-02V Schottky
diode appeared to have the best overall performance. Regarding waveform type, the continuous sinusoidal wave returns were the most intense at the harmonic frequency in all but
one of the tests. Reported in dBm or decibels relative to a milli-watt, these returns are
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Figure 3.7: Harmonic oscillator output for BAT63-02V oscillator with transmit frequency
of 1.1GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine wave,
(Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the antennas
facing one another.
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Figure 3.8: Harmonic oscillator output for BAT63-02V oscillator with transmit frequency
of 1.2GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine wave,
(Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the antennas
facing one another.
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Figure 3.9: Harmonic oscillator output for BAT63-02V oscillator with transmit frequency
of 1.3GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine wave,
(Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the antennas
facing one another.
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Figure 3.10: Harmonic oscillator output for BAT62-02V oscillator with transmit frequency
of 1.1GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine wave,
(Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the antennas facing one another.
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Figure 3.11: Harmonic oscillator output for BAT62-02V oscillator with transmit frequency
of 1.2GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine wave,
(Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the antennas facing one another.
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Figure 3.12: Harmonic oscillator output for BAT62-02V oscillator with transmit frequency
of 1.3GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine wave,
(Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the antennas facing one another.
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Figure 3.13: Harmonic oscillator output for BAT15-03W oscillator with transmit frequency of 1.1GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine
wave, (Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the
antennas facing one another.
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Figure 3.14: Harmonic oscillator output for BAT15-03W oscillator with transmit frequency of 1.2GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine
wave, (Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the
antennas facing one another.
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Figure 3.15: Harmonic oscillator output for BAT15-03W oscillator with transmit frequency of 1.3GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine
wave, (Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the
antennas facing one another.
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Figure 3.16: Recorded amplitudes from the network analyzer output for antennas facing
one another.
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very low power. The low power of the returns in this application suggest that other devices
would not be able to detect the returns nor differentiate them from the noise floor in the
device. Devices with an extremely low noise floor, such as this application’s network analyzer or other spectrum analyzers, are capable of seeing them. In order for a radar to see
these return signals, it would have to implement coherent processing where it adds up the
returns of N pulses to produce a gain of N to the Signal-to-Noise Ratio (SNR). Possible
causes for these low power returns include issues related to transmit power, radar cross section (RCS), and harmonic oscillator construction. If the transmit power is not high enough,
this results in the harmonic oscillator having a very limited power source with which to
generate harmonics. Use of a high power amplifier that transmits a cleanly amplified signal, meaning it does not transmit its own harmonics, would resolve this issue providing
that the amplifier has high enough gain. Conversely, a less-clean but higher gain amplifier
could be filtered extensively to insure that no harmonics are being transmitted. Alternately,
an off-the-shelf transmit system that transmits a clean signal could be used. The issue related to the RCS involves the small size of the targeted tag used in this application, which
may be resolved by using thicker wires when constructing the tag. This resolution is not
feasible in this application, as the size of the harmonic oscillator is tightly constrained by
the bees’ ability to carry loads that are near their body weight while still going about their
daily tasks. Regarding harmonic oscillator construction, precision is crucial, for example, in size and shape of loop back, in smoothness of soldering, and in length of dipole.
Regarding the performance of the tested waveforms, the network analyzer’s output amplitudes were plotted against the harmonic frequency and Schottky diodes. Figure 3.16 shows
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the amplitudes over each diode and their harmonic frequency. Each column represents a
specific diode and the amplitudes are plotted for each harmonic frequency. Analyzing this
image, the continuous sinusoidal wave appears as the largest return except for in the instance where the BAT15-03W diode is used with a transmit frequency of 1.3GHz. This
unanticipated result may be related to the dipole antenna being tuned such that it caused
a dip in performance at this frequency or the diode was not suitable for this frequency of
operation. Given the uncertainty of the cause, this result was considered an outlier value
and was excluded as the goal was to examine the effect around 2.4 GHz. The lowest returns for the tested waveforms were seen with the continuous LFM. Although it may seem
that that the continuous waveforms should produce larger returns as they send more energy
to the target, the findings do not support such an assumption. This discrepancy may be
related to the fact that in order to transmit the continuous LFM, an SDR that has internal
amplifiers that are incredibly noisy and will transmit harmonics to some degree if they are
set anywhere other than 0 dB was used in this application. Another surprise finding for the
LFM is that the bandwidth of the wave doubles as the frequency doubles. The transmitted
bandwidth was 200 kHz while the received bandwidth was 400 kHz, increasing the range
resolution by a factor of two for the radar. Therefore, in tracking multiple small moving
targets, the LFM may be the best option.

3.4.2

Antennas Side by Side

For the configuration shown in Figure 3.2, the harmonic oscillator was placed approximately 40 inches (1.016 meters) from the transmit and receive antenna. The antennas were
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placed such that the harmonic oscillator was in far field relative to both antenna. The far
field calculations showed that this distance is 16.81, 18.34, and 19.87 inches (or 0.427,
0.466, and 0.505 meters) for the 1.1, 1.2, and 1.3 GHz transmission frequencies respectively. Any angling of the antenna to try to increase the gain of the system was combated
by having to move the antenna away from the tag further than this 40 inches which nullifies
any gains from this angling. Not pictured is the isolation foam that was placed between
the antennas to keep them from interfering with one another. This may have interfered
with data collection as the foam would also diminish the already small returns from both
the harmonic oscillator and the transmitted signal. Figure 3.17 through Figure 3.25 show
the returns of each of the waveforms for each of the harmonic oscillator constructions and
transmit frequencies. From the initial review, it is clear that the results in the side-by-side
configuration have lower magnitudes than in the configuration where the antennas face one
another. This is likely due to the longer distance between the harmonic oscillators and receive antenna, which may cause a larger drop off in magnitude. Indeed, the majority of the
returns were so low that they were below the noise floor despite this very sensitive network
analyzer.
Figure 3.17 and Figure 3.24 contain an error message that is an artifact from a previous
save that failed. The error message has no bearing on the information being displayed and
can be disregarded. This configuration of antennas represent the setup used when field
tested in relevant works cited. The side-by-side configuration produces a need for a very
large output power to have the energy to travel to the oscillator and to interact and produce
harmonic signals as well as for those harmonic signals to be strong enough to reach the
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Figure 3.17: Harmonic oscillator output for BAT63-02V oscillator with transmit frequency
of 1.1GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine wave,
(Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the antennas side by side.
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Figure 3.18: Harmonic oscillator output for BAT63-02V oscillator with transmit frequency
of 1.2GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine wave,
(Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the antennas side by side.
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Figure 3.19: Harmonic oscillator output for BAT63-02V oscillator with transmit frequency
of 1.3GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine wave,
(Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the antennas side by side.
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Figure 3.20: Harmonic oscillator output for BAT62-02V oscillator with transmit frequency
of 1.1GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine wave,
(Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the antennas side by side.
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Figure 3.21: Harmonic oscillator output for BAT62-02V oscillator with transmit frequency
of 1.2GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine wave,
(Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the antennas side by side.
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Figure 3.22: Harmonic oscillator output for BAT62-02V oscillator with transmit frequency
of 1.3GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine wave,
(Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the antennas side by side.
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Figure 3.23: Harmonic oscillator output for BAT15-03W oscillator with transmit frequency of 1.1GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine
wave, (Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the
antennas side by side.
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Figure 3.24: Harmonic oscillator output for BAT15-03W oscillator with transmit frequency of 1.2GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine
wave, (Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the
antennas side by side.
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Figure 3.25: Harmonic oscillator output for BAT15-03W oscillator with transmit frequency of 1.3GHz for (Top Left) Continuous wave, (Top Right) Pulsed-Sine
wave, (Bottom Left) Pulsed-LFM wave, (Bottom Right) LFM wave with the
antennas side by side.
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Figure 3.26: Recorded amplitudes from the network analyzer output for antennas side by
side.

54

receive antenna. This necessity for power is illustrated well in the above images. As an
additional analysis, the amplitudes of each of the above waves were plotted against each
diode for the harmonic frequencies. Figure 3.26 shows this plot where each column is a
specific Schottky diode used in construction of the harmonic oscillators.
For the side-by-side configuration, the continuous sinusoidal waveform indisputably
had the highest returns of any of the signals. As the continuous wave transmits the largest
amount of power to the oscillator, this allows the oscillator to return the largest amount of
power. In contrast, the continuous LFM returns were consistently the smallest for all the
diodes and frequencies, which is most likely due to the power output of the SDR, given that
the SDR’s power setting capabilities are more cumbersome than those of a signal generator.
Using the SDR may caused the LFM’s output to produce the smallest amplitude. Had this
LFM been produced by the signal generator, it would most likely perform on par with
the continuous sinusoidal wave. Also, the SDR has internal amplifier that is configurable
separately for the transmit and receive chains. However, as mentioned previously, these
amplifiers are very noisy and transmit harmonics to some degree when set to anything other
than 0 dB. However, a LFM with a suitable matched filter has a gain of τ β where τ is the
pulse width in seconds and β is the bandwidth in Hertz. This gain could have drastically
changed the outcome of these experiments and caused the pulsed LFM to produce the
largest returns. Since the spectrum was being measured real time without processing, this
gain could not be applied.
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3.5

Conclusions
Based on the discussion in section 3.4, the continuous waveform has most power on

target which may suggest that it would be the optimal wave to perform field tests. However, this is not due to the continuous nature of this signal but to this signal’s ability to
put the most power on target. Therefore the optimal choice of waveform for field testing
is not about an ability of the waveform but a function of the waveform in the amount of
power that is received by the target. When considering how the output signal governs the
amount of power the target receives, a reasonable conclusion may be that a continuous
wave would outperform a pulsed waveform. However, Figure 3.16 and Figure 3.26 would
contraindicate this as the continuous LFM was consistently the lowest return in terms of
amplitude, which may have been an artifact of being produced by the SDR rather than a
signal generator. As the internal amplifiers of the SDR would not produce clean signals reliably, the gain of these amplifiers was set to 0 dB which essentially negated the usefulness
of the amplifiers.
Since the sole purpose of the harmonic oscillators is tracking bees as they foraging, a
true continuous wave is not feasible in field testing. A truly continuous wave would lose
the ability to determine the range of the returns from the harmonic oscillator. The radar
needs time to “listen” during which the radar waits for returns without transmitting. This
allows the radar to perform necessary calculations and determine the distance to a target
based on the time from the last transmission to the reception of the return signal. Therefore,
the optimal waveform for use in field testing the harmonic oscillator would be as close to
continuous as possible. The waveform would incorporate the largest pulse width and the
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relatively smallest PRI. Once the maximum desired range is determined, the amount of
time needed for the radar to “listen” and be able to see this range can be determined, thus
driving the PRI selection.
Future investigations should focus on integrating the receive chain with an Unmanned
Aerial System (UAS), which will follow the bee as it forages throughout the day. Currently,
MSU has intentions to explore developing a specialized receiver as well as incorporating
a phased array antenna. The UAS will require the inclusion of a tracker to autonomously
follow the bee. Since both the UAS (receiver) and the bee (target) will be in constant
motion, a technique that will be able to determine the continuously varying distances of
the bee and the mobile receiver from the stationary transmit antenna will need to be developed. Two potential solutions may be either using more intensive processing on the receive
side or utilizing a differential Global Position System (GPS). Determining which of these
may provide more accurate data for this application has yet to be investigated. An electromagnetic simulation of the harmonic oscillators at 9.4GHz is currently scheduled to be
completed at MSU. Another consideration in further analyses is constructing a harmonic
oscillator for 9.4 GHz, yielding a harmonic frequency of 18.8 GHz. However, the Schottky
diodes for this higher frequency range are of such small form factor that soldering them
to the wire is impractical. A potential resolution is to create a small Printed Circuit Board
(PCB), which will provide more soldering surface area on which to affix the diode.
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CHAPTER IV
CONCLUSIONS

4.1

Contributions
The results shown in the previous chapter indicate the ideal waveform configuration

for use in this application. To maximize return energy from the harmonic oscillator, the
transmit waveform has to be as close to continuous as possible while still being able to
determine the range of the tagged bee. In the optimal waveform, the pulse width needs to
be large and the PRI needs to be relatively short. The PRI needs to be carefully determined
so that the maximum desired distance would be able to be “seen” by the radar. Additionally,
the results indicate that the chosen Schottky diode will have a large impact on the harmonic
signal strength.

4.2

Future Work
Despite studies regarding creating effective harmonic oscillators, there continues to be

construction parameters to be investigated. For instance, the placement of the tag on the
insect will change the electromagnetic characteristics of the tag. The insect’s body will
also interfere with the radiation pattern of the antenna, causing the radar to lose track of
the insect more often than anticipated given environmental obstacles. Also, once the dipole
is affixed to the insect, its effective length will be impacted by the method of adhering the
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tag to the body. Harmonic oscillators are sensitive to environmental changes which may
degrade their operational efficiency. Future studies should address optimal dipole length
once mounted on the insect, optimal position for mounting on the insect as well as the
optimal way to mount the oscillators. Additionally, investigating whether placing two
dipoles orthogonal to one another would offer benefits in field experiments.
Future investigations should focus on integrating the receive chain with an Unmanned
Aerial System (UAS), which will follow the bee as it forages throughout the day. Currently,
MSU has intentions to explore developing a specialized receiver as well as incorporating
a phased array antenna. The UAS will require the inclusion of a tracker to autonomously
follow the bee. Since both the UAS (receiver) and the bee (target) will be in constant
motion, a technique that will be able to determine the continuously varying distances of the
bee and the mobile receiver from the stationary transmit antenna will need to be developed.
Two potential solutions may be either using more intensive processing on the receive side
or utilizing a differential Global Position System (GPS). Determining which of these may
provide more accurate data for this application has yet to be investigated. Also, scaling the
frequency from the 1.2 GHz and a harmonic frequency of 2.4 GHz used in this application,
to the frequency of 9.4 GHz and the harmonic frequency of 18.8 GHz used in relevant
works cited. A possible benefit may be that the transmitted signal could propagate through
foliage and smaller plants more effectively than the lower frequencies.
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